In the two-Higgs-Doublet model the alignment of the Yukawa flavour matrices of the two scalar doublets guarantees the absence of tree-level flavour-changing neutral couplings. The resulting fermion-scalar interactions are parameterized in terms of three complex parameters ζ f , leading to a generic Yukawa structure which contains as particular cases all known specific implementations of the model based on Z 2 symmetries. These three complex parameters are potential new sources of CP violation.
The generic two-Higgs-doublet model
The two-Higgs-doublet model (THDM) [1, 2] is one of the most simplest extensions of the Standard Model (SM) and brings many interesting phenomenological features (new sources of CP violation, dark matter candidates, axion phenomenology . . . ). It is a gauge theory with the same fermion content as the SM and two Higgs doublets φ a (a = 1, 2) with hypercharge Y = (0, v a e iθa ). One can fix θ 1 = 0 through an appropriate U (1) Y transformation, leaving the relative phase θ ≡ θ 2 − θ 1 .
A global SU(2) transformation in the scalar space (φ 1 , φ 2 ) allows us to define the so-called Higgs basis (Φ 1 , Φ 2 ) where only one doublet acquires a vacuum expectation value v ≡ v 2 1 + v 2 2 :
In addition to the three Goldstone fields G ± (x) and G 0 (x), there are five physical degrees of freedom in the scalar sector: two charged fields H ± (x) and three neutrals ϕ 0 i (x) = {h(x), H(x), A(x)}, which are related to the S i fields through an orthogonal transformation ϕ 0 i (x) = R ij S j (x). The form of R ij depends on the scalar potential, which could violate CP in its most general version; in this case the resulting mass eigenstates will not have a definite CP parity. If it is CP symmetric, the CP admixture disappears.
Yukawa sector
The most general Yukawa Lagrangian is given by
whereQ ′ L andL ′ L are the left-handed quark and lepton doublets, respectively, andφ a (x) ≡ iτ 2 φ * a the charge-conjugated scalar fields. All fermionic fields are written as N G -dimensional vectors and the couplings Γ a , ∆ a and Π a are N G × N G complex matrices in flavour space. Moving to the Higgs basis, the Lagrangian reads
Here, M ′ f (f = u, d, l) are the non-diagonal fermion mass matrices and Y ′ f contain the Yukawa couplings to the scalar doublet that doesn't acquire a vacuum expectation value. Each right-handed fermion couples to two different matrices that in general cannot be diagonalized simultaneously. In the fermion mass-eigenstate basis f (x), the M ′ f matrices become the diagonal mass matrices M f , while Y ′ f become Y f which remain non-diagonal and unrelated to M f . This originates dangerous flavour-changing neutral-current (FCNC) interactions, which are tightly constrained phenomenologically.
To avoid this problem one can assume that the non-diagonal Yukawa couplings are proportional to the geometric mean of the two fermion masses, g ij ∝ √ m i m j [3] . This kind of phenomenologically viable models, known as Type III THDM [4] , can be obtained assuming particular textures of the Yukawa matrices [3] . Another possibility is to make the scalars heavy enough to suppress low-energy FCNC effects. However, this assumption leads to a phenomenologically non relevant THDM. A more elegant solution is to impose a discrete Z 2 symmetry to enforce that only one scalar doublet couples to a given right-handed fermion [5] ; one of the two Yukawa matrices has to be zero. One requires the Lagrangian to remain invariant under the change
, and appropriate transformation properties for the right-handed fermions. There are four non-equivalent choices: the Type I (only φ 2 couples to fermions) [6, 7, 8] , Type II (φ 1 couples to d and l and φ 2 to u) [7, 9, 8] , Type X or leptophilic (φ 1 couples to fermions and φ 2 to quarks) and Type Y (φ 1 couples to d and φ 2 to u and l) models [8, 10, 11, 12, 13] . The Z 2 symmetry can be also implemented in the Higgs basis, forcing all fermions to couple to Φ 1 ; this inert doublet model is a natural frame for dark matter [14, 15, 16 ].
Aligned THDM
A more general way to avoid tree-level FCNCs is to require the alignment in flavour space of the Yukawa coupling matrices [17] :
with ξ f arbitrary complex numbers. The alignment guarantees that the matrices Y ′ f and M ′ f are proportional and can be simultaneously diagonalized:
where tan β ≡ v 2 /v 1 . In terms of mass-eigenstate fields, the Yukawa Lagrangian takes then the form:
where V is the CKM matrix, P R,L ≡ f are neutral couplings of the physical scalar fields [17] . Therefore, within this approach: Table 1 . Choices of ξ f associated with Z 2 models and corresponding values of ζ f .
Model
(
-All scalar-fermion couplings are proportional to the corresponding fermion masses.
-The neutral Yukawas are diagonal in flavour.
-The only source of flavour-changing interactions is the quark-mixing matrix V in the charged sector.
-All leptonic couplings are diagonal in flavour, since there are no righthanded neutrinos in the theory.
-There are only three new parameters ζ f , which encode all possible freedom allowed by the alignment conditions. These couplings satisfy universality among the different generations, i.e. there is the same universal coupling for all fermions with a given electric charge. They are also invariant under global SU(2) transformations of the scalar fields φ a → φ ′ a = U ab φ b [18] , i.e. they are scalar basis independent. -The usual models based on Z 2 symmetries are recovered taking the appropriated limits shown at Table 1 .
-The ζ f can be arbitrary complex numbers. Their phases introduce new sources of CP violation without tree-level FCNCs.
Lepton-flavour-violating neutral couplings are identically zero to all orders in perturbation theory, because of the absence of right-handed neutrinos. So, the usually adopted Z 2 symmetries are not necessary in the lepton sector, making the Type X and Y models less compelling. From a phenomenological point of view, the coupling ζ l could take any value.
Quantum corrections could introduce some misalignment of the quark Yukawa coupling matrices, generating small FCNCs suppressed by the corresponding loop factors. However, the flavour mixing induced by loop corrections has a very characteristic structure [17] which resembles the popular Minimal Flavour Violation scenarios [19] . This restriction in the structure of the local FCNC terms is due to the following symmetry of the aligned THDM: the Lagrangian remains invariant under flavour-dependent phase
